The authors have been conducting research on the derailment and overturning of railway vehicles due to earthquakes. Until now, numerical simulation has been used to ascertain the dynamic behavior and running safety limits of vehicles on vibrating track, and the results of such simulation are now used effectively in the design of railway structures. To confirm the validity of the simulation analysis, we carried out an experiment using a full-scale half carbody mounted on a Shinkansen bogie, which was placed on a tri-axial structural vibration test rig. During the test, the carbody, bogie and wheels were seen to jump from the rails, demonstrating behavior against vibration. The simulation analyzed the experimental conditions, and the results agreed with those obtained from the experiment.
Introduction
Railway systems represent a type of traffic with high energy efficiency and low carbon-dioxide emission. Railways that contribute to sustainable society in the future will need to become safer, and improvements in the earthquake safety of Shinkansen trains is desired. We have studied the dynamic behavior of railway vehicles on track that vibrates due to seismicity (1) (2) (3) , and have developed a new dynamic simulation program adaptable to large displacement such as the derailment or overturning of railway vehicles. We analyzed the dynamic behavior of vehicles on vibrated track, and in each frequency area of input vibration the dynamic behavior of the vehicle, including derailment and overturning, was apparent. Although vertical vibration caused a reduction in the wheel load, it is lateral vibration that governs vehicle behavior contributing to derailment. The authors proposed a running safety-limit diagram with a sinusoidal wave. The results of this simulation are now effectively applicable to railway structure designs (4) .
In order to utilize the numerical analysis outlined here, it is essential to verify the validity of the simulation program. Taking this opportunity, we carried out an experiment in which a full-scale vehicle equipped with an actual Shinkansen bogie was subjected to large amplitude vibration. Figure 1 illustrates a test specimen with a total mass of 35,000 kg loaded on a tri-axial vibr atio n te sting p la nt owned by Obayashi Corporation. T he te sting p la nt is eq ui p p ed wi t h a loading plate of 5,000 mm x 5,000 mm in dimension with a maximum load capacity of 50,000 kg, allowing a maximum vibration acceleration of 3G. The test specimen comprised a half-size carbody and a substantial Shinkansen bogie placed on a track. Table 1 specifies the composition of the testing plant. For an existing Shinkansen vehicle (a carbody suspended by four air springs on two bogies), the carbody length is 25,000 mm and the vehicle mass is approximately 45,000 kg. In the test, a track was constructed on a vibratory table, and a full-scale half carbody mounted on the substantial Shinkansen bogie was placed on the track. The upper right-hand side of Fig. 1 shows the measuring coordinate system. The test specimen comprised a frame to prevent toppling over in the lateral direction (y) and roll rotation (φ) of the vehicle. During the experiment, the vehicle was not running and the wheels were not turning. Vibration was applied mainly in the lateral direction, and the behavior of the vehicle was investigated at the safety limits when the wheel jumped from the rail. 
Real bogie vibration test

1 Outline of the experiment
2 Full-scale model of vehicle with a half carbody
The testing vehicle mounted on the actual Shinkansen bogie and the load frame (body) had the mass of a half carbody. Unlike existing vehicles, the load frame was suspended using two air springs, and was constrained by two links in pitch and yaw rotation to prevent it from falling over. The test-track length was 5,000 mm with a track gauge of 1,435 mm. Specific steel sleepers were placed directly onto the vibration table, and direct type-8 fastening devices were used to fasten the JIS 60-kg rails to the sleepers. An anti-derailment guard was placed between both rails. Outside the gauge, four oil actuators were placed at the side of the wheels for recentering.
3 Experiment parameters
During the experiment, the frequency range of input was between 0.5 Hz and 2.0 Hz in consideration of the rig performance and the natural frequency of railway structures. The input vibration had a constant frequency and constant amplitude on five sinusoidal waves in the lateral direction. For the input frequency, the amplitude was gradually increased until the wheels jumped 3 mm or more above the rails. The input vibration had two transient waves before the first wave and after the last one to absorb shock. In the experiment, the maximum amplitude was 300 mm at a frequency of 0.5 Hz and 75 mm at a frequency of 2.0 Hz, and the respective maximum accelerations were 2.96 m/s 2 and 11.84 m/s 2 .
4 Measuring
We recorded the acceleration, velocity and displacement of the vibration table as input to the testing plant. For the test specimen, we also recorded the lateral displacement and vertical acceleration of the carbody, the displacement of lift and the vertical acceleration of each axle box, the lateral displacement and acceleration of the wheelset, the displacement of the primary and secondary suspension, and the roll angular velocity of the carbody. The wheel load and lateral force of each wheel were also measured using a strain gauge on each rail. The condition of the test specimen and the contact state of the wheel and rail were photographed using a CCD camera. 
5 Procedure
After applying small-amplitude vibration for each frequency and enlarging the amplitude gradually, the experiments were repeated until it was verified that the wheel jumped from the rail as shown in the photograph in Fig. 2 . As it is difficult to directly measure the jumping of the wheel, the uplift of the axle box at each end of the wheelset was measured using a laser displacement meter and judged by wheel load, which is the normal force between wheel and rail. The vehicle response was found to change considerably for each frequency. The interval between increases in amplitude each time was set to within approximately 3-10 mm near the safe limit.
The compressor placed outside the vibration table supplied air to operate the air spring. After setting the spring at a predetermined height, the stick used for height regulation was removed and the air spring was used as the stop end during vibration. It was necessary to Wheel Rail Jumping return the two wheelsets to their approximate initial position using a hydraulic actuator. For the air spring height of both right and left, the height and level of the body was checked using a level gauge. These values were then set as the initial conditions for each experiment.
Numerical simulation
Outline of simulation
The previous research (1) on vehicle dynamics behavior in seismicity provided analysis focusing on a one-vehicle model with one carbody, two bogies and four wheelsets. This simulation program developed referring to multi-body dynamics. In this time, a new simulation model of the half-vehicle for the test specimen was built. In the half-vehicle model file, information of the rigid bodies and connecting element was described, and the equations of motion for the rigid bodies are calculated automatically. The time of calculation was based on numerical integration at 0.0005-second intervals using the fourth-order Runge-Kutta-Gill method.
Model of test specimen
We have developed a new simulation model that matches the testing plant as shown in Fig. 1 . Fig.3 shows a model with a carbody, a truck and two wheelsets. Each body has six degrees of freedom connected with springs and dampers, and the numbers shown in Fig. 3 refer to the connecting elements in Table 2 . The anti-fall mechanism constitutes a model to suspend the carbody using a stiff rotary spring in both the yawing and pitching directions. Other spring and damper elements are modeled as depicted using a multi-linear force model. The coefficient of the metal contact stopper was set at 20 -30 MN/m to represent stiff springs, and the lateral damper between the truck and carbody was modeled with springs in series. Table 3 shows the numerical values used for the simulation. For the secondary suspension and lateral damper with which particularly large displacement and high speed were seen in the experiment, each individual element was examined for specific performance. The friction coefficient between wheel and rail was determined from the wheel load and lateral force during slipping on the tread of wheel. The lateral stiffness of the rail was obtained from the relationship between rail displacement and lateral force in the experiment. Table 2 )
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Results
Experimental results
Safety limits
We adopted the jumping height of the wheel on the rail as an evaluation criterion. The amplitude for each vibration frequency when a wheel jumps more than 3 mm on the rail is conceivable as a safety limit. Fig. 5 shows the safety limits in the experiment of vibration in the lateral direction. The lateral axis in Fig. 5 represents the frequency, and the longitudinal axis shows the input amplitude when a wheel jumps more than 3 mm. This graph is regarded as representing the safety limits.
These results indicate that calculation of the safety limit using simulation is valid. As an example, wheels lifted more than 3 mm at a frequency of 1.0Hz and an amplitude of 97.1 mm, and at amplitudes of less than 97.1 mm the wheel lift would be small. At a frequency of 2.0 Hz, even small amplitudes cause lifting of the wheel. However, in sinusoidal motion, the high frequency of the safety limit acceleration is larger than the lower frequency because the acceleration increases in proportion to the second power of frequency. 
Behavior of the carbody
The time history of the lateral displacement y b of the body and roll angle φ b is shown in Fig. 6 from the experimental results at vibration frequencies of 0.7Hz and 2.0Hz in the lateral direction. In the low-frequency area (Fig. 6 (a) ) at 0.7Hz, the lateral displacement y b and the phase of the roll angleφ b waveform for the carbody have shifted. At 2.0 Hz in the high-frequency area (Fig. 6 (b) ), both phases of the carbody are consistent. For each of Figs.  6 (a) and (b), Fig. 7 shows the attitude of the carbody and wheelset at the point of maximum lateral displacement. The relationship between the lateral displacement and the roll angle of the carbody shows lower-center rolling of the carbody (which has a low rotational center) at low frequencies and upper-center rolling at high frequencies. Figure 8 shows the maximum wheel load and lateral force generated in vibration with the safe limit. Fig. 9 shows a time history of the wheel load and lateral force, with a frequency of 0.9 Hz and a vibration amplitude of 95 mm as the recorded wheel load maximum, and a frequency of 2.0 Hz and a vibration amplitude of 69 mm as the recorded lateral force maximum. At a frequency of 0.9 Hz, the wheel load increased in line with vibration and reached the maximum value at approximately 250 kN. At a frequency of 2.0 Hz, the generation situations of the wheel load and the lateral force are almost constant during the five main waves of vibration, with the lateral force larger than the wheel load. From these results, the high frequency domain indicates that the wheel flange has hit a rail hard. In addition, although these lateral forces were excessive compared with ordinary conditions, severe damage to the testing track and the bogie did not occur. 
Wheel load and lateral force
Behavior of the carbody in the time history
The results of the experiment were compared with those from simulation in the time history. Fig.10 shows that lateral acceleration of the carbody, vertical displacement, wheel load and lateral force in the left and right wheels, as well as lateral displacement of the vibration test rig, are found in the results achieved in experiment (a) and simulation (b) for the testing plant at a frequency of 0.5 Hz and an amplitude of 300 mm in lateral vibration.
In low-frequency areas, lower center rolling of the carbody occurred, and the wheel rose to the safety limit. When the body inclined severely, the wheel jumped from the rail and a large wheel load and lateral force were generated on the wheel on the opposite side.
The experimental results showed that the initial wheel load was slightly unbalanced, and wheelsets shifted slightly from the center of the track. The vertical wheel displacement was converted from the vertical difference between the axle-box and the vibration test table. As outlined above, the experimental setup was a little different from that of the simulation. 
Comparison of simulation
The simulation results sufficiently reproduce the motion of the vehicle as shown by the experiment in Fig. 10 . However, in the experiment, the motion of the lateral direction of the carbody is estimated to be slightly asymmetrical. As result, one occurrence of jumping in the left wheel in the experiment shows two peaks, but only one peak in the simulation. Moreover, the waveforms after peaks differ in terms of wheel load and lateral force. When the left wheel jumps in the experiment, the peak of the lateral acceleration waveform for the carbody is long timewise. It is possible that the jumping of the left wheel has two peaks because the motion of the body is slightly delayed from the input vibration when the left wheel jumps in comparison with the right one. In the simulation, the vehicle model is strictly symmetrical, and no difference is seen between the vertical displacement of the right and left wheels. The test specimen demonstrated some differences between the two as shaking on the right and on the left. Next, the experiment was compared with simulation over the whole frequency region. We adopted the jumping height of the wheel on the rail as an evaluation criterion. The amplitude under each vibration frequency when a wheel jumps more than 3 mm on the track is conceivable as a safety limit. Fig. 11 shows the safety limits for the experiment and for the simulation. The lateral axis in Fig. 11 represents the frequency, while the longitudinal axis shows the input amplitude when a wheel jumps more than 3 mm. This graph is as regarded as representing the safety limits. The safety limits of Fig. 11 show the situation of a wheel jumping from the rail for input vibration, and the results indicate that calculation of the safety limit using simulation is valid. As outlined above, it is confirmed that simulation analysis expressed the experimental vibration with sufficient accuracy to verify the safety limit for railway vehicles by comparison of experimental and simulation results. 
Conclusion
The experiment using a full-scale vehicle model with a real Shinkansen bogie on a tri-axial vibration test plant was successful.
The results of this experiment are as follows: (1) The experiment presented the dynamic behavior observed when a wheel jumps from a rail during track vibration representing seismic motion.
(2) The results of the experiment confirmed the validity of simulation analysis.
The methods of experimentation to investigate the motion of a railway vehicle in response to large-amplitude vibration were established.
The safety limits shown by the verified simulation indicate safe performance of railway vehicles for sinusoidal vibration. Adopting the results of this analysis in the design of railway structures will contribute to improving the safety of railway operation in Japan. For these experiments, we would like to express our sincere appreciation for the support given by Senior Researcher Mr. Okano and other personnel of OBAYASHI Technical Research Center.
